Biodegradation is one of the most effective and profitable methods for the elimination of toxic polychlorinated biphenyls (PCBs) and total petroleum hydrocarbons (TPH) from the environment. In this study, aerobic degradation of the mentioned pollutants by bacterial strains Mycolicibacterium frederiksbergense IN53, Rhodococcus erythropolis IN129, and Rhodococcus sp. IN306 and mixed culture M1 developed based on those strains at 1:1:1 ratio was analyzed. The effectiveness of individual strains and of the mixed culture was assessed based on carried out respirometric tests and chromatographic analyses. The Rhodococcus sp. IN306 turned out most effective in terms of 18 PCB congeners biodegradation (54.4%). The biodegradation index was decreasing with an increasing number of chlorine atoms in a molecule. Instead, the Mycolicobacterium frederiksbergense IN53 was the best TPH degrader (37.2%). In a sterile soil, contaminated with PCBs and TPH, the highest biodegradation effectiveness was obtained using inoculation with mixed culture M1, which allowed to reduce both the PCBs (51.8%) and TPH (34.6%) content. The PCBs and TPH biodegradation capacity of the defined mixed culture M1 was verified ex-situ with prism method in a non-sterile soil polluted with aged petroleum hydrocarbons (TPH) and spent transformer oil (PCBs). After inoculation with mixed culture M1, the PCBs were reduced during 6 months by 84.5% and TPH by 70.8% as well as soil toxicity was decreased.
Introduction
Polychlorinated biphenyls (PCBs) are synthetic chlorinated biphenyls, which were manufactured on a large scale for half a century and found various industrial applications, such as components of lubricants, transformer oils, dielectric fluids, and plasticizers. It is usually estimated that more than 1.5 million tons of PCBs have been produced worldwide [1] . These compounds are among the most persistent xenobiotic pollutant classes. They remain in the environment for a long time due to their low reactivity and high chemical stability in various conditions. Because of this, their production and application was banned in 1980 [2] [3] [4] . However, to a large extent they were dispersed and resulted in vast pollution of all ecosystems [5] . The most alarming adverse PCBs property is their tendency to bioaccumulate in lipid tissues and organic components of the soil and in fat tissues of animals and Biodegradation of petroleum pollutants in a historically polluted soil originating from waste pits with the use of a defined mixed culture based on non-pathogenic indigenous bacterial strains was studied by the authors, which is proven by numerous papers [39, [49] [50] [51] .
The studies were aimed at the determination of aerobic biodegradation effectiveness PCBs and TPH with the use of three single bacterial strains isolated from contaminated natural environments and a mixed culture developed on the basis of these strains at 1:1:1 ratio. The studies were carried out on a sterile soil polluted with (a) PCBs, (b) TPH, and (c) both PCBs and TPH. The effectiveness of individual strains and of the mixed culture was assessed based on carried out respirometric tests and chromatographic analyses of PCBs and TPH in the examined soil. The PCBs and TPH biodegradation capacity of the defined mixed culture was verified under semi-technical conditions by means of the ex-situ prism method on a non-sterile soil weathered polluted with petroleum hydrocarbons (TPH) and spent PCBs containing transformer oil. The course of PCBs and TPH biodegradation in the soil was monitored using chromatographic determination of the content of individual polychlorinated biphenyls and petroleum hydrocarbons as well as toxicological studies using a set of new-generation toxicological tests, in which the bioindicators belong to various taxonomic groups (bacteria, crustaceans, and higher plants).
Results

Bacterial Strains Used in this Study
The 16S rRNA gene sequences of strains used in this study have been deposited in the NCBI GenBank database and are available under the following accession numbers: JN572675 (Mycolicibacterium frederiksbergense IN53), KT923311 (Rhodococcus erythropolis IN129), and KX058399 (Rhodococcus sp. IN306). Table 1 presents the similarity of our strains with their closest relatives based on the available 16S rRNA gene sequences deposited in the NCBI GenBank database (comparison was made both for individual nucleotide sequences and the whole genomes). For the genomes, annotated genes coding putative enzymes responsible for degradation of polycholorinated biphenyls and other hydrocarbons, are shown. The presented data show that genomes of organisms closely related to strains IN53, IN129, and IN306 contain genes responsible for the catabolism of both aliphatic and aromatic hydrocarbons. All genome sequences contain genes coding for the third enzyme of the biphenyl degradation pathway (Table 1) , i.e., 2,3-dihydroxybiphenyl 1,2-dioxygenase (bphC). Moreover, each genome contains more than one copy of this gene (Table 1 ). In the genome sequence of Rhodococcus jostii RHA1, all genes are related to the enzyme responsible for the initial stages of biphenyl degradation. Namely, genes encoding for biphenyl 2,3-dioxygenase (bphA, found all four components), biphenyl-2,3-dihydrodiol 2,3-dehydrogenase (bphB), and 2,3-dihydroxybiphenyl 1,2-dioxygenase (bphC) ( Table 1 ). The genome sequence of Mycobacterium sp. YC-RL4 contains a gene coding for the sub-unit alpha of ring-hydroxylating dioxygenase (probably the first component of biphenyl 2,3-dioxygenase, Table 1) , and there are genes coding the same enzyme and the enzyme identified as the biphenyl 2,3-dioxygenase in the genome of Rhodococcus erythropolis X5. In addition, all the analyzed genome sequences contain alkB, the gene coding for alkane 1-monooxygenase. This enzyme is responsible for the hydroxylation, which is the first reaction in the alkane degradation pathway.
For the tree construction, the 16S rRNA gene sequences of the IN53, IN129 and IN306 were aligned using SINA Aligner, [52] and further analyzed using ARB program [53] with the SILVA SSU Ref NR99 release 132 database. Phylogenetic reconstructions were performed with full-length sequences using Neighbour Joining with Jukes-Cantor correction and Maximum Likelihood (RaxML, model: GTRGAMMA). In all cases, a base frequency filter was applied. The selected tree represents a consensus topology between the different reconstructions ( Figure 1 ). The scale bar corresponds to 10% estimated sequence divergence.
Assessment of PCB and TPH Biodegradation Effectiveness in Sterile Soils
Respirometric Tests
An increase in the microbiological activity in a reactive environment proves that microorganisms used PCBs and TPH as a source of carbon and energy. An increased biological activity in the system results in a growth of oxygen consumption by the studied bacterial strains: Mycolicibacterium frederiksbergense IN53, Rhodococcus erythropolis IN129, Rhodococcus sp. IN306, and 
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Respirometric Tests
An increase in the microbiological activity in a reactive environment proves that microorganisms used PCBs and TPH as a source of carbon and energy. An increased biological activity in the system results in a growth of oxygen consumption by the studied bacterial strains: Mycolicibacterium frederiksbergense IN53, Rhodococcus erythropolis IN129, Rhodococcus sp. IN306, and mixed culture M1 (prepared from individual bacterial strains at 1:1:1 ratio), over time causing biodegradation of analytes. Figure 2 presents the dependence of the consumed oxygen amount on the experiment duration for samples of sterile 
Assessment of PCBs and TPH Biodegradation Based on Chromatographic Analyses
PCB biodegradation potential of studied bacterial strains and mixed culture in sterile soil contaminated solely with PCBs (Soil A) was assessed by chromatographic analyses. Figure 3 and Table  S1 present the content of studied PCB congeners in the PCBs contaminated soil (Soil A) before and after 30- 
PCB biodegradation potential of studied bacterial strains and mixed culture in sterile soil contaminated solely with PCBs (Soil A) was assessed by chromatographic analyses. Figure 3 and Table S1 present the content of studied PCB congeners in the PCBs contaminated soil (Soil A) before and after 30-day inoculation with bacterial strains: Mycolicibacterium frederiksbergense IN53, Rhodococcus erythropolis IN129, Rhodococcus sp. IN306, and mixed culture M1.
The results of chromatographic analyses showed that Rhodococcus sp. IN306 features the highest biodegradation potential with respect to the studied PCB congeners. The inoculation of soil A with the strain IN306 led to a significant reduction of the PCB content from 13,100 to 5,970 µg/kg of dry mass (54.4%). Satisfactory results were achieved also for mixed culture M1 from 13,100 µg/kg to 6309 µg/kg of dry mass (46.2% Chromatographic analyses were carried out on sterile soil contaminated solely with TPH (Soil B) before and after 30-day inoculation with: Mycolicibacterium frederiksbergense IN53, Rhodococcus erythropolis IN129, Rhodococcus sp. IN306, and mixed culture M1, which showed that the strain Mycolicibacterium frederiksbergense IN53 features the highest biodegradation potential with respect to The results of chromatographic analyses showed that Rhodococcus sp. IN306 features the highest biodegradation potential with respect to the studied PCB congeners. The inoculation of soil A with the strain IN306 led to a significant reduction of the PCB content from 13,100 to 5,970 µg/kg of dry mass (54.4%). Satisfactory results were achieved also for mixed culture M1 from 13,100 µg/kg to 6309 µg/kg of dry mass (46.2%). Mycolicibacterium frederiksbergense IN53 turned out to be the least effective, for which the degree of biodegradation after 30 days of test duration was 35.9%. The PCB28 congener (containing three chlorine atoms in a molecule) turned out to be the most easily biodegradable, in which content in the sample after 30 days of testing was reduced from 494 to 202 µg/kg of dry mass, (IN53), 162 µg/kg (IN129), 123 (IN306), and 134 (M1), which is 59.1%, 67.2%, 75.1%, and 72.9%, respectively. Congeners containing four chlorine atoms in a biphenyl molecule, including: PCB52, PCB77, and PCB81 were also degraded to a comparable extent: PCB52 (46.8-62.4%), PCB77 (55.9-68.5%), and PCB81 (54.1-68.1%). PentaCBs (PCB101, PCB105, PCB114, PCB118, PCB123, and PCB126) were reduced as follows: 38. , showed the highest reduction of content after 30 days of testing-by 51.2%, while the most difficult to degrade were: PCB138 and PCB153, for which the biodegradation degrees were 46.9% and 46.5%, respectively. HeptaCBs (PCB180 and PCB189) turned out to be most difficult to degrade, for which the highest biodegradation degree after inoculation with IN306 was 31.7% and 38.7%.
Chromatographic analyses were carried out on sterile soil contaminated solely with TPH (Soil B) before and after 30-day inoculation with: Mycolicibacterium frederiksbergense IN53, Rhodococcus erythropolis IN129, Rhodococcus sp. IN306, and mixed culture M1, which showed that the strain Mycolicibacterium frederiksbergense IN53 features the highest biodegradation potential with respect to TPH. Table S2 and Figure 4 present a comparison of the content reduction for TPH; unidentified hydrocarbons; alkanes; ΣnC 10 -nC 22 , ΣnC 23 -nC 40 ; and individual n-alkanes in Soil B after inoculation with strains IN53, IN129, IN306, and mixed culture M1.
The TPH content in Soil B after 30 days of Soil B inoculation with the Mycolicibacterium frederiksbergense IN53 was reduced by 37.2% (from 12,515 to 7863 mg/kg of dry mass). A satisfactory reduction of TPH content from 12,515 to 8309 mg/kg of dry mass (33.6%) was recorded during inoculation with mixed culture M1. The TPH content in Soil B samples inoculated with IN129 and IN306 strains was reduced by 28.5% and 24.9%, respectively. The easiest to degrade were aliphatic hydrocarbons with chain lengths nC 10 -nC 22 A satisfactory effect of n-alkanes biodegradation as a result of Soil B inoculation is proven by indices of C 17 /Pr and C 18 /Ph biodegradation, which were substantially reduced (Table S2 ). The highest reduction was recorded during inoculation with the IN53 strain (C 17 /Pr from 0.818 to 0.473 and C 18 /Ph from 1.675 to 0.985) and with mixed culture M1 (C 17 /Pr from 0.818 to 0.522 and C 18 /Ph from 1.675 to 1.029). A satisfactory effect of n-alkanes biodegradation as a result of Soil B inoculation is proven by indices of C17/Pr and C18/Ph biodegradation, which were substantially reduced (Table S2 ). The highest reduction was recorded during inoculation with the IN53 strain (C17/Pr from 0.818 to 0.473 and C18/Ph from 1.675 to 0.985) and with mixed culture M1 (C17/Pr from 0.818 to 0.522 and C18/Ph from 1.675 to 1.029).
The comparison of PCBs and TPH content in sterile Soil C after inoculation with strains IN53, IN129, IN306, and mixed culture M1 is presented in Tables S1 and S2 and in Figure 5 . Results of chromatographic analyses proved that during the inoculation of sterile Soil C with mixed culture M1 a high reduction of PCBs content was achieved from 13,100.0 to 6309 µg/kg of dry mass (51.8%) as well as of TPH content from 12,365 to 8085 mg/kg of dry mass (34.6%). The TriCBs content after 30 days of inoculation was reduced by 51.2% (Mycolicibacterium frederiksbergense IN53), 61.1% (Rhodococcus erythropolis N129), 69.4% (Rhodococcus sp. IN306), and 70.4% (M1). TetraCBs were biodegraded to a comparable extent: 43.3% (IN53), 53.9% (IN129), 62.3% (IN306), and 62.4% (M1). PentaCBs and HexaCBs were best degraded by the mixed culture M1, by 52.9% and 46.8%. HeptaCBs were definitely the most difficult to biodegrade among PCBs. Their content as a result of inoculation with strains IN53, IN129, IN306, and mixed culture M1 was reduced from 1680 µg/kg of dry mass to: 1449 µg/kg (13.8%), 1256 µg/kg (25.2%), 1184 µg/kg (29.5%), and 1059 µg/kg (37.0%), respectively.
Chromatographic analyses of petroleum hydrocarbons (TPH) showed that aliphatic hydrocarbons nC10-nC22 were easiest to degrade, for which the biodegradation degree after 30 days of inoculation ranged as follows: 41. 
Assessment of PCBs and TPH Biodegradation in Non-Sterile Soil-the Ex-Situ Prism Method
The effectiveness of mixed culture M1 was verified carrying out the process of biodegradation in a non-sterile Soil D collected from waste pit G-44 with a TPH content of 22,126 mg/kg of dry mass, which was contaminated with aged transformer oil containing PCBs up to 8752 µg/kg of dry mass. Figure S1 illustrates the percentage share of identified pollutants in the sample (Soil D) comprising: (a) PCBs, (b) TPH. 
The effectiveness of mixed culture M1 was verified carrying out the process of biodegradation in a non-sterile Soil D collected from waste pit G-44 with a TPH content of 22,126 mg/kg of dry mass, which was contaminated with aged transformer oil containing PCBs up to 8752 µg/kg of dry mass. Figure S1 illustrates the percentage share of identified pollutants in the sample (Soil D) comprising: (a) PCBs, (b) TPH.
Comparison of identified pollutants content in the studied soil (Soil D) and after 2 (Soil D2), 4 (Soil D4), and 6 (Soil D6) months of inoculation with mixed culture M1 is presented in Figure 6 : (a) PCB congeners, (b) n-alkanes. As a result of Soil D inoculation with mixed culture M1 after 6 months of the process duration, the content of identified PCBs was reduced from 8752 µg/kg of dry mass to 1357 µg/kg of dry mass (84.5%). Results of Soil D2 chromatographic analyses show that the PCB28 content was reduced from 1396 µg/kg to 371 µg/kg of dry mass (73.4%). The tetraCBs content (PCB52 and PCB77) decreased by 56.4 and 65.6% respectively. The biodegradation of pentaCBs was similar and ranged from 49.8 to 53.6%. In this case, the di-ortho PCB101 was an exception, in which biodegradation degree was much lower and after 2 months of the process amounted to 45.2%. Di-ortho congeners turned out to be most durable among hexaCBs, in which content decreased by 40.1% (PCB138) and 39.3% (PCB156). The other congeners having six chlorine atoms were reduced by 44.8 to 45.3%. The PCB180 congener turned out to definitely be the most difficult to degrade, which has seven chlorine atoms and a di-ortho spatial structure (29.7%). Comparison of identified pollutants content in the studied soil (Soil D) and after 2 (Soil D2), 4 (Soil D4), and 6 (Soil D6) months of inoculation with mixed culture M1 is presented in Figure 6 : (a) PCB congeners, (b) n-alkanes. As a result of Soil D inoculation with mixed culture M1 after 6 months of the process duration, the content of identified PCBs was reduced from 8752 µg/kg of dry mass to 1357 µg/kg of dry mass (84.5%). Results of Soil D2 chromatographic analyses show that the PCB28 content was reduced from 1396 µg/kg to 371 µg/kg of dry mass (73.4%). The tetraCBs content (PCB52 and PCB77) decreased by 56.4 and 65.6% respectively. The biodegradation of pentaCBs was similar and ranged from 49.8 to 53.6%. In this case, the di-ortho PCB101 was an exception, in which biodegradation degree was much lower and after 2 months of the process amounted to 45.2%. Di-ortho congeners turned out to be most durable among hexaCBs, in which content decreased by 40.1% (PCB138) and 39.3% (PCB156). The other congeners having six chlorine atoms were reduced by 44.8 to 45.3%. The PCB180 congener turned out to definitely be the most difficult to degrade, which has seven chlorine atoms and a di-ortho spatial structure (29.7%).
After 4 months (Soil D4), the content of low-chlorinated biphenyls: PCB28, PCB52, and PCB77 decreased by 89.7%, 76.1%, and 81.2%, respectively. PCB101 was reduced by 69.5%, while the other PentaCBs between 72.1 and 73.3%. The HexaCBs (PCB 138, PCB 153, PCB 156, and PCB 167) content reduction ranged from 65.9 to 69.8%, while the PCB180 biodegradation in soil D4 was 40.8%. The process of Soil D inoculation with mixed culture M1 was finished after 6 months, and the recorded reduction of individual identified congeners was: PCB28, PCB52, and PCB77 (87.7-94.6%); pentaCBs (83.3-86.7%); HexaCBs (81.0-84.2%); and PCB180 (58.6%). The inoculation of non-sterile Soil D with mixed culture M1 during 6 months resulted in a TPH content reduction from 22,126 to 6470 mg/kg of dry mass. The degree of TPH content reduction during the process of inoculation with mixed culture M1 was as follows: after 2 months, 41.4%; after 4 months, 60.7%; and after 6 months, 70.8%. Molecules 2019, 24, x FOR PEER REVIEW 10 of 25 After 4 months (Soil D4), the content of low-chlorinated biphenyls: PCB28, PCB52, and PCB77 decreased by 89.7%, 76.1%, and 81.2%, respectively. PCB101 was reduced by 69.5%, while the other PentaCBs between 72.1 and 73.3%. The HexaCBs (PCB 138, PCB 153, PCB 156, and PCB 167) content reduction ranged from 65.9 to 69.8%, while the PCB180 biodegradation in soil D4 was 40.8%. The process of Soil D inoculation with mixed culture M1 was finished after 6 months, and the recorded reduction of individual identified congeners was: PCB28, PCB52, and PCB77 (87.7-94.6%); pentaCBs (83.3-86.7%); HexaCBs (81.0-84.2%); and PCB180 (58.6%). The inoculation of non-sterile Soil D with mixed culture M1 during 6 months resulted in a TPH content reduction from 22,126 to 6470 mg/kg of dry mass. The degree of TPH content reduction during the process of inoculation with mixed culture M1 was as follows: after 2 months, 41.4%; after 4 months, 60.7%; and after 6 months, 70.8%.
The chromatographic analysis showed that during inoculation with mixed culture M1, the biodegradation of aliphatic hydrocarbons nC11-nC22 was as follows: Soil D2 (47.2-76.2%), Soil D4 (77.5-88.7%), and Soil D6 (87.2-93.2%). Hydrocarbons from the nC23-nC40 range were also degraded to a satisfactory degree: Soil D2 (13.8-41.2%), Soil D4 (20.1-62.9%), and Soil D6 (25.6-72.4%). The content of unidentified hydrocarbons in Soil D6 was reduced by 68.1%. The assessment indices of biodegradation degree proved a high level of biological decomposition of n-alkanes, because they were visibly reduced in Soil D6: nC17/Pr from 1.131 to 0.192, nC18/Ph from 2.081 to 0.402.
The course of PCBs and TPH biodegradation process during the carried out inoculation with mixed culture M1 of non-sterile Soil D is described by equation (2) . Individual coefficients of equation (2): k, (C/Cx)0, and the correlation coefficient (r 2 ) are specified in Table S3 . A comparison of the biodegradation course is presented in a graphical form for PCBs, TriCBs, TetraCBs, PentaCBs, HexaCBs, HeptaCBs (Figure 7a ), and for TPH, ΣnC10-nC22, and ΣnC23-nC40 (Figure 7b ). The chromatographic analysis showed that during inoculation with mixed culture M1, the biodegradation of aliphatic hydrocarbons nC 11 -nC 22 was as follows: Soil D2 (47.2-76.2%), Soil D4 (77.5-88.7%), and Soil D6 (87.2-93.2%). Hydrocarbons from the nC 23 -nC 40 range were also degraded to a satisfactory degree: Soil D2 (13.8-41.2%), Soil D4 (20.1-62.9%), and Soil D6 (25.6-72.4%). The content of unidentified hydrocarbons in Soil D6 was reduced by 68.1%. The assessment indices of biodegradation degree proved a high level of biological decomposition of n-alkanes, because they were visibly reduced in Soil D6: nC 17 /Pr from 1.131 to 0.192, nC 18 /Ph from 2.081 to 0.402.
The course of PCBs and TPH biodegradation process during the carried out inoculation with mixed culture M1 of non-sterile Soil D is described by equation (2). Individual coefficients of equation (2): k, (C/C x ) 0 , and the correlation coefficient (r 2 ) are specified in Table S3 . A comparison of the biodegradation course is presented in a graphical form for PCBs, TriCBs, TetraCBs, PentaCBs, HexaCBs, HeptaCBs (Figure 7a) , and for TPH, ΣnC 10 -nC 22 , and ΣnC 23 -nC 40 (Figure 7b ). The first-order biodegradation constants (k) during inoculation of non-sterile Soil D with mixed culture M1 are as follows: PCBs (0.0109 d −1 ), TriPCB (0.0170 d −1 ), TetraCBs (0.0110 d −1 ), PentaCBs (0.0095 d −1 ), Hexa CBs (0.0082 d −1 ), and HeptaCBs (0.0050 d −1 ). Instead, for petroleum pollutants, they are: TPH (0.0070 d −1 ), Σ nC11-nC22 (0.0130 d −1 ), and Σ nC23-nC40 (0.0049 d −1 ). The presented results allow comparing the kinetics of individual pollutant groups biodegradation during inoculation with mixed culture M1 and prove its biodegradation capacity both of contamination with polychlorinated biphenyls (PCBs) and total petroleum hydrocarbons (TPH).
Ecotoxicological Assessment
During petroleum hydrocarbons biodegradation, metabolites of diversified or poorly recognized biological activity can originate as a result of chemical and microbiological changes. Because of that, it is recommended to carry out toxicological tests, which enable monitoring the toxicity of PCBs and TPH biodegradation during inoculation with mixed culture M1 in a non-sterile soil (Soil D) under semi-technical conditions by the ex-situ prism method. Toxicological tests on the trophic level of reducers were carried out by means of Microtox SPT test using luminescent bacteria Vibrio fischeri. The determined EC50 concentration causing 50% inhibition of test bacteria luminescence was 6.5% vol., which corresponds to a toxicity expressed in toxicity units of around TU = 15.4. Toxicological analyses carried out during Soil D inoculation with mixed culture M1 showed a decrease of its toxicity during 6 months to a level of TU = 3.9, at which the cleaned soil may be classified as low-toxic ( Figure 8 ). The first-order biodegradation constants (k) during inoculation of non-sterile Soil D with mixed culture M1 are as follows: PCBs (0.0109 d −1 ), TriPCB (0.0170 d −1 ), TetraCBs (0.0110 d −1 ), PentaCBs (0.0095 d −1 ), Hexa CBs (0.0082 d −1 ), and HeptaCBs (0.0050 d −1 ). Instead, for petroleum pollutants, they are: TPH (0.0070 d −1 ), Σ nC 11 -nC 22 (0.0130 d −1 ), and Σ nC 23 -nC 40 (0.0049 d −1 ). The presented results allow comparing the kinetics of individual pollutant groups biodegradation during inoculation with mixed culture M1 and prove its biodegradation capacity both of contamination with polychlorinated biphenyls (PCBs) and total petroleum hydrocarbons (TPH).
During petroleum hydrocarbons biodegradation, metabolites of diversified or poorly recognized biological activity can originate as a result of chemical and microbiological changes. Because of that, it is recommended to carry out toxicological tests, which enable monitoring the toxicity of PCBs and TPH biodegradation during inoculation with mixed culture M1 in a non-sterile soil (Soil D) under semi-technical conditions by the ex-situ prism method. Toxicological tests on the trophic level of reducers were carried out by means of Microtox SPT test using luminescent bacteria Vibrio fischeri. The determined EC 50 concentration causing 50% inhibition of test bacteria luminescence was 6.5% vol., which corresponds to a toxicity expressed in toxicity units of around TU = 15.4. Toxicological analyses carried out during Soil D inoculation with mixed culture M1 showed a decrease of its toxicity during 6 months to a level of TU = 3.9, at which the cleaned soil may be classified as low-toxic ( Figure 8) .
The next test, which was applied to estimate Soil D toxicity on the consumer level during inoculation with mixed culture M1, was the Ostracodtox kit based on the use of Heterocypris incongruens organisms, which are more sensitive to pollutants than the Vibrio fisheri bacteria. Figure 8 presents the test results. The toxicity (TU) of raw soil (Soil D) was 16.9 and was gradually going down to TU = 11.3 (after 3 months) and TU = 4.9 (after 6 months).
Moreover, an innovative MARA test was performed, estimating the environmental risk and using 11 test strains, which featured various sensitivities. The toxicity calculated based on the mean toxic concentration MCT mean, expressed in toxicity units, was 19.6. During the carried out PCBs and TPH biodegradation, its reduction to 5.2 was recorded ( Figure 8 ). The next test, which was applied to estimate Soil D toxicity on the consumer level during inoculation with mixed culture M1, was the Ostracodtox kit based on the use of Heterocypris incongruens organisms, which are more sensitive to pollutants than the Vibrio fisheri bacteria. Figure 8 presents the test results. The toxicity (TU) of raw soil (Soil D) was 16.9 and was gradually going down to TU = 11.3 (after 3 months) and TU = 4.9 (after 6 months).
Moreover, an innovative MARA test was performed, estimating the environmental risk and using 11 test strains, which featured various sensitivities. The toxicity calculated based on the mean toxic concentration MCT mean, expressed in toxicity units, was 19.6. During the carried out PCBs and TPH biodegradation, its reduction to 5.2 was recorded ( Figure 8 ).
In the toxicological tests on the producers level, the Phytotoxkit test was used, in which the tested plants were: Lepidium sativum, Sorghum saccharatum, and Sinapis alba. After the conversion of toxic concentrations to toxicity units (TU), considering the plant germination as a criterion of toxicity assessment, it was found that during the carried out biodegradation process of pollutants contained in the tested soil samples, it was gradually decreasing from 10.5 to 3.0 (Lepidium sativum), from 9.5 to 3.1 (Sorghum saccharatum), and from 8.5 to 3.0 (Sinapis alba). For the second tested parameter (root growth inhibition), the calculated TU value for the tested plants in the sample (Soil D) ranged from 10.1 to 15, while after inoculation with mixed culture M1 (Soil D6), it went down to a level of 3.6-4.6. The carried out tests showed that Lepidium sativum was the plant most sensitive to pollutants contained in the tested soil samples (Figure 8 ).
The Ames test series was applied to find mutagenic and carcinogenic compounds in raw and cleaned soil. A standard strain TA-100 (Salmonella typhimirium) was used. Its mutations exist on a histidine operon, which is not capable of amino acid synthesising. It was observed that the application of an activator (microsomal S9 fraction) had an insignificant impact on the growth of reversible mutations number. Results of tests on raw samples and in the consecutive months of soil bioremediation are presented in Figure 9 as changes of revertants number versus the pollutant concentrations. In the case of (Soil D) samples, which are considered mutagenic, the mutagenecity coefficient ranged from 7.85 to 9.85 (Figure 9a ). During the carried out process of pollutants (PCBs In the toxicological tests on the producers level, the Phytotoxkit test was used, in which the tested plants were: Lepidium sativum, Sorghum saccharatum, and Sinapis alba. After the conversion of toxic concentrations to toxicity units (TU), considering the plant germination as a criterion of toxicity assessment, it was found that during the carried out biodegradation process of pollutants contained in the tested soil samples, it was gradually decreasing from 10.5 to 3.0 (Lepidium sativum), from 9.5 to 3.1 (Sorghum saccharatum), and from 8.5 to 3.0 (Sinapis alba). For the second tested parameter (root growth inhibition), the calculated TU value for the tested plants in the sample (Soil D) ranged from 10.1 to 15, while after inoculation with mixed culture M1 (Soil D6), it went down to a level of 3.6-4.6. The carried out tests showed that Lepidium sativum was the plant most sensitive to pollutants contained in the tested soil samples (Figure 8 ).
The Ames test series was applied to find mutagenic and carcinogenic compounds in raw and cleaned soil. A standard strain TA-100 (Salmonella typhimirium) was used. Its mutations exist on a histidine operon, which is not capable of amino acid synthesising. It was observed that the application of an activator (microsomal S9 fraction) had an insignificant impact on the growth of reversible mutations number. Results of tests on raw samples and in the consecutive months of soil bioremediation are presented in Figure 9 as changes of revertants number versus the pollutant concentrations. In the case of (Soil D) samples, which are considered mutagenic, the mutagenecity coefficient ranged from 7.85 to 9.85 (Figure 9a ). During the carried out process of pollutants (PCBs and TPH) biodegradation, the mutagenecity coefficient was gradually decreasing: Soil D3 from 4.32 to 6.19 (Figure 9b ), Soil D6 from 0.68 to 1.86 (Figure 9c ), i.e., to a level at which the number of revertants induced without histidine was slightly higher (less than twice) than the number of spontaneous mutants in the control sample. Therefore, the samples cannot be classified as mutagenic. and TPH) biodegradation, the mutagenecity coefficient was gradually decreasing: Soil D3 from 4.32 to 6.19 (Figure 9b ), Soil D6 from 0.68 to 1.86 (Figure 9c ), i.e., to a level at which the number of revertants induced without histidine was slightly higher (less than twice) than the number of spontaneous mutants in the control sample. Therefore, the samples cannot be classified as mutagenic. 
Discussion
Polychlorinated biphenyls (PCBs), despite chemical stability and toxicity, can be degraded under aerobic conditions or at least reduced to low-chlorinated congeners by microorganisms possessing genes encoding for biphenyl dioxygenase responsible for the onset of a specific metabolic degradation pathway [3, 54] . The literature studies prove that the best PCBs biodegradation properties are featured by bacteria isolated from the soil/deposits historically PCBs contaminated: Microbacterium oleivorans, Stenotrophomonas maltophilia, Brevibacterium sp., Ochrobactrum anthropi, Pseudomonas mandelii, Rhodococcus sp., Achromobacter xylosoxidans, Stenotrophomonas sp., Ochrobactrum sp. [6] , Sinorhizobium meliloti [35, 55] , Rhodococcus ruber and Rhodococcus pyridinivoran [33] , Rhodococcus sp. and Stenotrophomonas maltofilia [56] Bacillus sp., Achromobacter sp., Pseudomonas stutzeri, [38] . Results of genes sequencing for bacterial strains isolated from the deposit polluted with transformer oil showed that Rhodococcus sp., Pseudomonas sp., Pseudoxanthomonas sp., Agromyces sp., and Brevibacillus sp. were the prevailing bacteria decomposing PCBs [57] . Rhodococcus jostii RHA1 is one of the best characterized PCBs degraders, featuring a broad PCBs degradation range and its catabolic potential and adaptation to the soil environment suggest that it can be appropriate for bioremediation of polluted Soil D [31] .
Research conducted to determine the biodegradability of PCB congeners in sterile contaminated (i.e., one that does not contain other living organisms) reference soil PCB SQC068 by single bacterial strains isolated from contaminated natural environments (Mycolicibacterium frederiksbergense IN53, Rhodococcus erythropolis IN129, Rhodococcus sp. IN306) and the mixed culture M1 prepared on the basis of these strains at ratio 1:1:1, confirm the anticipated ability of these strains to metabolize biphenyl and its derivatives. The mixed culture M1 confirms the anticipated ability of these strains to metabolize biphenyl and its derivatives. It was possible to show that each of the tested bacterial stains, as well as their mixture, degraded PCB congeners, where the Rhodococcus sp. IN306 strain turned out to be most effective, removing more than 54.4% of PCBs. Rhodococcus sp. IN306 strain is very closely related to the Rhodococcus jostii RHA-1 species (Figure 1, Table 1 ), which is a well-known degrader of biphenyl and its polychlorinated derivatives [31, [58] [59] [60] . The other two strains featured a lower degree of degradation, but the obtained results confirm the observations made during previous metabolic tests, that they are capable of carrying out catabolic processes of biphenyl and its derivatives. In the case of Rhodococcus erythropolis IN129 [26, 29] , it is not surprising, because other species belonging to the Rhodococcus genus [27, 30, 32, 33, 61, 62] have such abilities; in the 
Research conducted to determine the biodegradability of PCB congeners in sterile contaminated (i.e., one that does not contain other living organisms) reference soil PCB SQC068 by single bacterial strains isolated from contaminated natural environments (Mycolicibacterium frederiksbergense IN53, Rhodococcus erythropolis IN129, Rhodococcus sp. IN306) and the mixed culture M1 prepared on the basis of these strains at ratio 1:1:1, confirm the anticipated ability of these strains to metabolize biphenyl and its derivatives. The mixed culture M1 confirms the anticipated ability of these strains to metabolize biphenyl and its derivatives. It was possible to show that each of the tested bacterial stains, as well as their mixture, degraded PCB congeners, where the Rhodococcus sp. IN306 strain turned out to be most effective, removing more than 54.4% of PCBs. Rhodococcus sp. IN306 strain is very closely related to the Rhodococcus jostii RHA-1 species (Figure 1, Table 1 ), which is a well-known degrader of biphenyl and its polychlorinated derivatives [31, [58] [59] [60] . The other two strains featured a lower degree of degradation, but the obtained results confirm the observations made during previous metabolic tests, that they are capable of carrying out catabolic processes of biphenyl and its derivatives. In the case of Rhodococcus erythropolis IN129 [26, 29] , it is not surprising, because other species belonging to the Rhodococcus genus [27, 30, 32, 33, 61, 62] have such abilities; in the case of Mycolicibacterium frederiksbergense IN53, this means that this strain has even more potential for degrading xenobiotics than previously thought. The higher biodegradation efficiency of polychlorinated biphenyls in the case of Rhodococcus sp. IN306 compared to the mixed culture M1 most likely results from competition between individual strains for the same substrates.
Moreover, the obtained results of chromatographic analyses show that with an increasing number of chlorine atoms in a PCB molecule, the degree of their degradation decreases (Table S1) , which is consistent with other studies [2, 9, 54] . PCB congeners containing up to four chlorine atoms in a molecule easily decompose as a result of carried out inoculation with all tested bacterial strains and mixed culture M1 developed based on these strains. Highly chlorinated biphenyls (more than four chlorine atoms in a molecule) are definitely more difficult to degrade [63] , in the case of which satisfactory results were obtained for samples inoculated with Rhodococcus sp. IN306 and mixed culture M1. For example, the content of PCB-28 congener with three chlorine atoms was reduced as a result of Rhodococcus sp. IN306 action by 75.1%, while the content of pentaCBs, hexaCBs, and heptaCBs was reduced by 55.3%, 49.2%, and 39.3%, respectively. It should be noticed that in the case of polychlorinated biphenyls biodegradation, their spatial structure is also important, apart from the number of chlorine atoms in a molecule [64] . It was observed that so-called di-ortho congeners (two chlorine atoms in an -ortho position) are more difficult to biodegrade as compared with non-ortho or mono-ortho PCBs with the same number of chlorine atoms in the biphenyl ring [9, 65] . 5 di-ortho PCB congeners (PCB52, PCB101, PCB138, PCB153, and PCB180) were determined in the studied sample (Soil A). For example, as a result of standard PCB Soil A inoculation with the Rhodococcus sp. IN306 strain, the reduction of di-ortho PCB52 congener (tetrachlorobiphenyl) was 62.4%, while for PCB77 and PCB81 congeners it was approx. 68.5% and 68.1%.
In the case of biodegradation of petroleum hydrocarbons (TPH) in sterile Soil B, strain Mycolicibacterium frederiksbergense IN53 showed the best degradability (37.2%), better than mixed culture M1 (33.6%). There was probably a similar situation to this in the case of soil A, and the effect of competition between strains for the same source of carbon and energy could occur. Then the Rhodococcus sp. IN306 turned out to be the weakest degrader, most likely due to specialization of its enzymatic apparatus to metabolize biphenyl and its derivatives.
Moreover, the obtained results of chromatographic analyses enabled determination of biodegradability of individual hydrocarbon groups (Table S2 ). The rate of individual hydrocarbon groups removal was arranged in a decreasing order nC 10 -nC 22 > nC 23 -nC 28 > nC 29 -nC 40 . This removal scheme is probably related to the chemical structure of alkanes. Alkanes with chain length C 10 -C 22 are substances most willingly used by bacteria in metabolic processes [39, 46, 66, 67] . For the most effective bacterial Mycolicibacterium frederiksbergense IN53, the content of aliphatic hydrocarbons with carbon chain length nC 10 -nC 22 was reduced by 46.9%, and in the case of hydrocarbons with longer chains (nC 23 -nC 40 ), the degree of their reduction was around 39.5%, which proves a high degree of their biodegradation [39, 51] .
The tests carried out on sterile Soil C (contaminated with PCBs and TPH) confirmed the previously obtained results and showed that the largest biodegradable potential against polychlorinated biphenyls was characterized by Rhodococcus sp. IN306, whereas against petroleum substances the strain Mycolicibacterium frederiksbergense. IN53 showed the largest potential. However, when it comes to the joint removal of both types of impurities, the mixed culture M1 proved to be the most effective. Probably in the case of soil polluted with a few (in this case two) xenobiotic types, the application of a bacterial mixed culture developed based on various (in this case three) bacterial strains allows to combine the degradation effect of all strains comprised by the mixed culture parallel to the reduction of competition between strains for the source of food (carbon contained in PCBs and hydrocarbon molecules).
In the case of non-sterile soil, there is always a justified risk that not every allochthonous strain will adapt equally well to the new environment, so there is a risk that the obtained biodegradation effect will be weaker [19, 39, 51] . In bioremediation techniques for historically PCBs polluted soil, it is preferred to apply mixed bacterial cultures [18, 19, 38, 68] . The studies carried out now on acceleration of petroleum hydrocarbons (TPH) biodegradation through biotechnological processes, with the use of active bacterial cultures, prove that these are the most rational methods for bioremediation of polluted soil and due to relatively low costs and high effectiveness they are practically used on a technical scale [39, 40, 69] . Therefore, tests on the biodegradation process of PCBs and TPH were carried out in real Soil D (non-sterile), contaminated with petroleum derivatives and aged transformer oil, in ex-situ semi-technical prism method. As a result of the inoculation process with mixed culture M1 of non-sterile Soil D after a period of 6 months, the PCBs content was reduced by 84.5% and TPH by 70.8%.
The calculated first-order biodegradation constants (k) for inoculation with mixed culture M1 for non-sterile Soil D (Table S3 ) are on a level proving a satisfactory degree of individual PCB congeners biodegradation, decreasing with the increase in the number of chlorine atoms in a molecule [64] . Instead, for petroleum pollutants, they show higher biodegradability of aliphatic hydrocarbons with a carbon chain length nC 10 -nC 22 as compared with heavier homologous (nC 23 -C 40 ) and are close to results of studies presented in the world literature [39, 46, 67] .
To assess the effectiveness of bioremediation, it is preferable to conduct toxicological monitoring using biotests belonging to different trophic groups: Microtox STP [70] [71] [72] [73] Ostracodtoxkit [74, 75] , Phytotoxkit [76] [77] [78] , MARA environmental risk assessment test [77, [79] [80] [81] [82] and the Muta-Chromoplate test based on the Ames test [39, 83, 84] . In this study, unlike other authors, extensive toxicological monitoring was conducted using a set of five biotests, whose bioindicators represented all trophic groups: reducers, decomposers, and producers. It allowed not only the observation of changes in toxicity in Soil D during the inoculation process with the mixed culture M1, but also the determination of the diverse toxicity of the tested organisms to contaminants contained in the tested soil. The calculated toxicity (TU) for individual tests was in decreasing order: Phytotoxkit < Microtox SPT < Ostracodtoxkit < MARA, which shows that the most sensitive bioindicators for impurities contained in the tested Soil D (TPH and PCBs) are Heterocypris incongruens and MARA microorganisms. As a result of the conducted bioremediation process, Soil D's toxicity (TU) was reduced from the level of 19.6-10.5 to 5.2-3.1, while the mutagenicity coefficient from 9.85 to 0.68 proves that contaminated soil can be classified as low-toxic (Figures 8 and 9 ).
The presented results clearly confirmed the rightness of the adopted bioremediation concept of soils contaminated with polychlorinated biphenyls (PCBs) in the presence of total petroleum hydrocarbon (TPH).
Materials and Methods
Soil and Microorganisms
To determine biodegradation effects of each strain, acting independently or within a mixed culture in the absence of native microbiota, three types of sterile soils were used in this studies. Namely, Soil A, commercially available PCB-polluted soil (Certified Reference Material-PCB Congeners in Soil, Product ID: SQC068-50g, Sigma-Aldrich, Laramie, WY, USA-Certificate of analysis Soil A contains in Supplementary Materials); Soil B, petroleum hydrocarbon polluted soil collected from the G-44 waste pit situated in southern-eastern Poland (N 54 • 14 55", E 46 • 68 51"); and Soil C, soil polluted with both PCBs and TPH. Soil B and Soil C were sterilized in an autoclave (SMS ASVE) at 15 psi and 121 • C for 20 min. To determine biodegradation effects of mixed culture M1 in the presence of native microbiota, the ex-situ prism method was applied. A non-sterile Soil D polluted with both PCB and TPH (soil originating from the G-44 waste pit polluted with spent transformer oil containing PCB) was used.
The following bacterial strains-Mycolicibacterium frederiksbergense IN53 (formerly Mycobacterium frederiksbergense IN53), Rhodococcus erythropol is IN129, and Rhodococcus sp. IN306 were used in this study. They came from the hydrocarbon-degrading microbial collection of the Department of Microbiology (at the Oil and Gas Institute-National Research Institute, Krakow, Poland) and were isolated from temperate (IN129 and IN53) and desert (IN306) hydrocarbon-exposed soils. In addition, IN53 was previously tested alone or as a member of a hydrocarbon-degrading mixed culture [51] . Diagnostic features of the strain were determined based on microscopic observations, morphology, growth on selective agar media, and biochemical profile (API-Coryne test, bioMerieux).
The strains were phylogenetically identified by sequencing of gene encoding for 16S rRNA as described previously [39, 85] .
Hydrocarbon-degrading capabilities towards biphenyl and other compounds (n-alkanes, pristane, and aromatic hydrocarbons) were examined using the method of Wrenn and Venosa [86] and by microscopic observations of strain growth on a Kievskaya mineral medium (1 g L −1 K 2 HPO 4 , 1 g L −1 KH 2 PO 4 , 1 g L −1 NH 4 NO 3 , 0.02 g L −1 CaCl 2 , 0.05 g L −1 FeCl 3 , 0.2 g L −1 MgSO 4 , 1 g L −1 NaCl, final pH 7.0 ± 0.2) supplemented with biphenyl (1% (w/v)). After 30-day incubation at room temperature, the strain growth was verified by microscopic observations.
Pure , respectively, as judged by direct counts on BD Difco™ nutrient agar with sodium acetate (0.2% w/v). Microbial mixed culture M1 was constructed by mixing equal volumes of each strain (1:1:1) and, therefore, the obtained density was presumable 1 × 10 8 -1 × 10 9 CFU·mL −1 .
Experimental Setup
Respirometric Tests
The respirometric tests based on the measurement of consumed oxygen (O 2 ) consumption and/or of released carbon dioxide (CO 2 ) allow to determine possibilities of aerobic biodegradation of the analyzed soil pollutants. Based on the O 2 consumption and/or CO 2 production rate, it is possible to estimate the rate of aerobic biodegradation of organic pollutant, i.e., the rate of substrate loss over time. Moreover, the results of respirometric tests illustrate the degree of metabolic activity of the polluted environment [87] .
Studies on biodegradation of PCBs (Soil A), TPH (Soil B), and both PCBs and TPH (Soil C) in sterile soils were carried out in an Oxi-Top ® system (WTW, Bartoszyce, Poland). Twenty grams of each sterile soil were placed in glass sample cells; the system humidity approached the level of 25%. Inoculation was performed using 2 mL of previously isolated bacterial strains IN53, IN129, and IN309 with a density of 1 × 10 8 -1 × 10 9 CFU·mL −1 and mixed culture M1. At the same time, control samples were prepared. In respirometric tests, control samples were sterile, and uncontaminated "pure" soil samples were inoculated with IN53, IN129, IN306 bacterial stains and mixed culture M1. Control samples were prepared analogously to test samples. After the inoculation, the sample cells were tightly closed with measuring heads, placed in an incubator and thermostated at 20 • C for 30 days. Measuring heads of the Oxi-Top Control system were reading the value of the pressure in the system every 2 h. The acquired data by means of an IR interface was transferred to the Oxi-Top OC 110 controller, where it could be graphically and statistically processed by means of the Achat OC software (WTW, Wroclaw, Poland) [88] . The measured pressure was converted into the amount of used oxygen (MO 2 ) according to Equation (1) [89] . After the test completion (30 days), analytes were extracted from the studied soils for further analysis by means of gas chromatography. All experiments were performed three times with five repetitions in each treatment. Studies on PCBs and TPH biodegradation in non-sterile soil (Soil D) were carried out by means of the ex-situ prism method. The soil at an amount of 50 kg was placed on a specially designed test stand, ensuring constant temperature (20-25 • C) and humidity (20-25%) during the experiment ( Figure S2) . A proper choice of biogenic substances and determination of their concentrations in the soil prior to starting the bioremediation is extremely important and allows to enhance the environment with nutrients and to optimize parameters of the process course, where for proper activity of microorganisms, the C:N:P ratio should be approx. 100:10:1 [39, 46, 67] . The soil pH was corrected, supplementing fertilizer lime at an amount of 1.0-1.5 g/kg of soil till obtaining the optimum pH 7.5-7.6. Prior to the soil inoculation, nitrogen and phosphorus were supplemented in the form of Azofoska mineral fertilizer as follows: 13.6% of total N, 5.5% of nitrate nitrogen, 8 Before the inoculation, the total number of heterotrophic aerobic bacteria in non-sterile soil D was 5.9 ± 5.1·10 5 CFU·g −1 dry mass. The soil prepared in this way was inoculated with mixed culture M1 with a density of 10 9 CFU mL −1 (2 L mixed culture M1/50 kg soil D). After 6 months of the experiment, the number of bacteria in D6 soil was 4.1 ± 4.6 × 10 7 CFU·g −1 . The PCBs and TPH biodegradation was monitored by means of chromatographic analyses (every 30 days during 6 months) and ecotoxicological tests. Control was non-sterile Soil D non-inoculated with mixed culture M1.
Chromatographic Analysis
PCB Extraction and Quantification
Ten grams of dried soil were placed in an Erlenmeyer flask and extracted using a mixture (80 mL) of n-hexane and dichloromethane (POCH S.A., Gliwice, Poland) at 1:1 ratio [90] . The PCBs were extracted on a Conbest DOS-20L shaker for 3 h, at a constant temperature of 30 • C and shaking rate of 150 rpm [91] . After 3 h, 1 g of powdered copper (Merck, Darmstadt, Germany) was added to the extract and the mixture was extracted for another hour [19] . Copper and interfering substances were removed via filtration using a set of Backerbond columns (silica gel No 7086-03 and PCB-A No 7511-04). The solvent was evaporated in a vacuum rotary evaporator and the extract was dissolved in 1 mL of isooctane (Merck, Germany) and analyzed by the GC method. An internal PCB-209 standard (2,2 ,3,3 ,4,4 ,5,5 ,6,6 -decachlorobiphenyl) (Sigma-Aldrich, USA) was used to determine the extraction yield with recovery of approx. 93%. PCB congeners were analyzed by means of gas chromatography (GC), using a Perkin Elmer Clarus 500 chromatograph with an electron capture detector (ECD). The conditions of GC chromatograph operation were as follows: a capillary column of fused silica (Rtx-XLB 30 m × 0.32 mm ID) (Restek, Bellefonte, PA, USA) with a low-polarity proprietary phase (0.50 µm thick), with the application of the following temperature parameters: injector temperature 280 • C; ECD detector temperature 320 • C; oven temperature programme: 120 • C (2 min isothermal run), 120-280 • C (temperature increase 15 • C min −1 ), 280 • C (5 min isothermal run), 280-320 • C (temperature increase 28 • C min −1 ), and 320 • C (10 min isothermal run). The carrier gas was helium (He) at a constant flow of 3. 
TPH Extraction and Quantification
Ten grams of dried soil were placed in an Erlenmeyer flask and extracted using dichloromethane (POCH S.A., Poland) in three series (20 mL of solvent, 15 min). The extraction of petroleum hydrocarbons was carried out by means of the sonification method in an ultrasonic bath Sonoswiss SW 6H, at an ultrasonic frequency of 30 kHz [92] . Polar substances were removed by filtration through Backerbond columns with Florisil No 7213-03 packing. The solvent was evaporated in a vacuum rotary evaporator and the extract was dissolved in 1 mL of dichloromethane and analysed by the GC method. A substitute standard o-tertphenyl was used to determine the extraction yield with recovery of approx. 95.9% [39] .
TPH were analysed by means of gas chromatography (GC) using a Perkin Elmer Clarus 500 GC chromatograph with a flame ionisation detector (FID). The conditions of chromatograph operation were as follows: a capillary column of fused silica (RTX-1: 30 m × 0.53 mm) (Restek, USA), applying the following temperature parameters: injector temperature = 290 • C, FID detector temperature = 320 • C, oven temperature programme: 30 • C (2 min. isothermal run), 30-105 • C (temperature increase 10 • C min −1 ), 105-285 • C (temperature increase 5 • C min −1 ), and 285 • C (5 min isothermal run). The carrier gas was He at a constant flow of 20 mL·min −1 . For the quantitative determination of total petroleum pollutants content (TPH), a set of Tusnovic Instruments calibration standards was used (certified standard: BAM K010). In turn, certified sets of Supelco and Restek standards (standard mixture No D2807 of paraffin hydrocarbons: nC 6 -nC 44 and certified standard mixture No A029668: Fuel Oil Degradation Mix n-C 17 , pristane, n-C 18 , phytane) were used to quantitatively determine individual n-alkanes being components of petroleum pollutants. A certified standard C 30 17α(H), 21β(H)-hopane No 08189 (Sigma-Aldrich, Switzerland) was used as a biomarker.
Mathematical Model of PCB and TPH Biodegradation
A simplified mathematical model of polychlorinated biphenyls and petroleum hydrocarbons biodegradation during the performance of tests by the ex-situ method, was developed. PCB-209 biomarker (Sigma-Aldrich, USA) was applied to normalize concentrations of the following analytes: PCBs, TriCB, TetraCBs, PentaCBs, HexaCBs, and HeptaCBs. To normalize concentrations of: TPH, ΣnC 10 -nC 22 , and ΣnC 23 -nC 40 , a biomarker C 30 17α(H),21β(H)-hopane (Supelco, Bellefonte, PA, USA) was used. The biomarker application of biomarkers in biodegradation studies allows to eliminate analytical errors in chromatographic determinations of individual analyte groups. Normalized values were used to develop a mathematical first-order model describing biodegradation course, according to Equation (2) [39, 64] .
where: C-analyte concentration, C x -biomarker (PCB-209 or Hopane) concentration, k-first-order rate constant [d −1 ], (C/C x ) 0 -normalized analyte concentration at the starting point, and t-process duration [d] .
The analysis of non-linear regression using Equation (2) enabled determination of the first-order biodegradation constant (k) and the correlation coefficient (r 2 ) defining the measuring points fit to theoretical curves of the biodegradation process: PCBs, TriCB, TetraCBs, PentaCBs, HexaCBs, HeptaCBs, TPH, ΣnC 11 -nC 22 , and ΣnC 23 -nC 40 .
Ecotoxicological Analyses
Petroleum hydrocarbon biodegradation leads to the formation of various metabolites often with poorly recognized biological activity. Because of that, it is recommended to carry out toxicological tests, which enable monitoring the changes of soil toxicity. In this study, assessment of toxicity changes during PCB and TPH biodegradation in a non-sterile soil (soil D) inoculated with mixed culture M1 (the ex-situ prism method) was performed. A set of new generation tests, which bioindicators belong to various trophic levels, was used. The specification of toxicological tests used in this studies is presented in Table 2 , while the description of their performance procedures is presented in Supplementary Materials. revertants number [39, 83, 84] oil contaminants were extracted (SPE) and vaporised, deposit was dissolved in DMSO
Data Analysis and Statistical Information
Statistical analysis was performed with Statistica 13.3 (StatSoft, Krakow, Poland). Standard deviation (SD), relative standard deviation (RSD) (%) and Pearson correlation coefficient were calculated. Statistically significant differences were evaluated with a one-way ANOVA followed by a post-hoc pairwise Tukey test (when the ANOVA produced significant results). Significance was set at p < 0.05.
Conclusions
The study was aimed at the assessment of bacterial strains application possibilities: Mycolicibacterium frederiksbergense IN53, Rhodococcus erythropolis IN129, Rhodococcus sp. IN306, and mixed culture M1 developed based on these strains. The results of both respirometric tests and chromatographic analyses revealed that chosen bacterial strains with potential PCB decomposition capacity are actually capable of removing this type of pollution from the soil, as well as they are capable of decomposing petroleum hydrocarbons (in particular aliphatic ones). Rhodococcus sp. IN306 appeared as the most effective PCB-degrader among the studied strains. Moreover, IN306 is very closely related to Rhodococcus jostii RHA-1 (bacterial strains with great PCB-transforming potential). It was shown that the degree of PCB congeners biodegradation was decreasing with increasing number of chlorine atoms and depended on their spatial structure. Petroleum pollutants, in particular n-alkanes, were degraded by Mycolicibacterium frederiksbergense IN53 in the most efficient way. Its effect on low-, medium-(nC 10 -nC 22 ) and long-chain compounds (nC 23 -nC 40 ) was the greatest among all tested bioaugmentation variants. In turn, mixed culture M1 developed on the basis of tested bacterial strains, featured satisfactory biodegradation capacity both for individual PCB congeners and TPH. The action of mixed culture M1 was verified in a semi-technical scale experiment under ex-situ conditions on a soil polluted with aged petroleum hydrocarbons (TPH) as well as spent transformer oil (PCBs). The effectiveness of this treatment was confirmed by the results of both chromatographic and toxicological tests.
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